Introduction
============

The transplantation of neural stem cells (NSCs) has emerged as a promising strategy for the development of cell replacement and neuroprotective therapies with respect to several pathological conditions affecting the nervous system.[@b1-ijn-11-1731]--[@b5-ijn-11-1731] In fact, clinical trials testing the safety and therapeutic efficacy of NSC transplants in patients with spinal cord injury and amyotrophic lateral sclerosis have recently been initiated (NCT01772810).[@b6-ijn-11-1731],[@b7-ijn-11-1731] However, noninvasive technologies that allow dynamic monitoring of transplanted NSCs will be imperative to quantitatively assess the success of such cell-based therapeutic approaches, and improve the design of future clinical trials to support the development of effective NSC therapies.

Iron oxide-based labeling constitutes a simple but effective methodology to label NSCs in vitro, and subsequently track NSC behavior in vivo after neural transplantation.[@b8-ijn-11-1731],[@b9-ijn-11-1731] This technique not only allows for the real-time detection of transplanted NSCs through magnetic resonance imaging (MRI) but also supports the later histochemical detection of transplanted cells. In fact, several recent studies have demonstrated the efficient tracking of superparamagnetic iron oxide (SPIO)-labeled NSCs in animal models.[@b10-ijn-11-1731]--[@b13-ijn-11-1731] Nevertheless, the effects of SPIO labeling on NSC behavior and fate are not fully understood. For eventual clinical use, first, an ideal SPIO agent must not only support the uniform and long-term labeling of NSCs but also exhibit nontoxic qualities such that the intrinsic biology and function of the NSCs (which is of essence in the success of any transplantation approach) is not altered. Second, spurious labeling of neighboring cells (such as microglia and astrocytes) due to SPIO extravasation must be avoided. Such ectopic labeling can lead to the misinterpretation of the MRI signal as surviving transplanted cells.

Here, we comprehensively investigate the influences of the ultrasmall SPIO (USPIO) nanoparticle, Molday ION Rhodamine B (MIRB), on the survival and regenerative capacity of rat NSCs in vitro and in vivo after transplantation into recipient adult Fisher 344 rats.[@b14-ijn-11-1731]--[@b16-ijn-11-1731] MIRB is conjugated with rhodamine to allow its straightforward detection via fluorescence in histological specimens, while its iron moiety makes it visible in tissue through histochemical methods and MRI. Specifically, after an initial optimization, we analyzed the effects of two doses of MIRB on the morphology, survival, proliferation, and differentiation of both cultured and transplanted NSCs. In addition, we assessed the immune response upon transplantation of the MIRB-labeled NSCs. Our data indicate that although both MIRB doses allow for excellent labeling and extended magnetic resonance (MR)-based tracking of NSCs, they do alter NSC viability and regenerative function.

Materials and methods
=====================

Overall experimental design
---------------------------

Primary subventricular zone rat NSCs were treated with specific doses of MIRB, after which they were analyzed over extended periods of time in vitro and in vivo upon neural transplantation. The cultured and grafted NSCs were subjected to MRI scanning, as well as multiple in vitro and in vivo assays to examine NSC survival, regenerative function, as well as the immune response after NSC grafting. Detailed methodologies for all techniques are described in the following sections ([Figure 1](#f1-ijn-11-1731){ref-type="fig"}).

NSC culture
-----------

NSCs were isolated from the subventricular zones of newborn human placental alkaline phosphatase (hPAP) transgenic rat pups using previously described methods.[@b5-ijn-11-1731],[@b17-ijn-11-1731] The expression of hPAP allows identification of grafted NPCs, labeled with this human marker, within the brains of wild-type host rats.[@b17-ijn-11-1731],[@b18-ijn-11-1731] The NSCs were grown in uncoated dishes in proliferation medium consisting of serum-free Neurobasal-A (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 20 ng/mL epidermal growth factor (Cell Sciences, Canton, MA, USA), 10 ng/mL basic fibroblast growth factor (Cell Sciences), 2 μg/mL heparin (STEMCELL Technologies, Vancouver, BC, Canada), 2% B27 (Thermo Fisher Scientific), 1% glutamax (Thermo Fisher Scientific), and 1% antibiotic--antimycotic (Thermo Fisher Scientific). Cells were maintained under standard conditions at 37°C, 5% CO~2~, and 21% O~2~. NSCs were passaged every 4--5 days, and all experiments were performed using cells from passages 3 to 7.

NSC labeling with MIRB
----------------------

NSCs were labeled with MIRB, a well-characterized commercially available fluorescent USPIO-based contrast reagent (BioPAL, Inc., Worcester, MA, USA). MIRB can be visualized via both MRI and fluorescence, since it is formed by the reaction of the parent Molday ION SPIO nanoparticle with rhodamine B isothiocyanate. Rhodamine B is a fluorescent dye with an excitation and emission wavelengths of 555 and 565--620 nm, respectively. MIRB is a colloid with an effective diameter of 35 nm, a density of \~1.25 g/cm, a zeta potential of \~+31 mV, and *r*~1~ and *r*~2~ relaxivity values of 30.4 and 75.8 mM^−1^s^−1^, respectively. It contains an 8 nm magnetite core, and has dextran coating. After cellular labeling, confocal imaging and transmission electron microscopy have shown that MIRB is found only in endosomes, and does not localize to the nucleus, mitochondria, endoplasmic reticulum, Golgi apparatus, or any other cellular organelle. Also, detailed examination of transmission electron microscopy fields has revealed no traces of electron-dense material corresponding to MIRB on the surface of cells.

Multiple concentrations and times of MIRB treatment (5, 10, 20, 50, 60, 80, and 100 μg Fe/mL for 18, 20, 30, or 48 hours) were first tested to assess NSC labeling ([Figure S1](#SD1-ijn-11-1731){ref-type="supplementary-material"}). These experiments indicated that both 20 and 50 μg doses when applied for 20 hours resulted in optimal labeling of the NSCs as visualized by Prussian blue staining and under rhodamine fluorescence. Therefore, for all subsequent experiments, NSCs were trypsinized into a single-cell suspension and treated with 20 or 50 μg/mL MIRB for 20 hours. The cells were subsequently washed in 0.1 M phosphate-buffered saline (PBS), after which they were either processed for various long-term in vitro assays or transplanted into recipient rats for in vivo studies. Details are shown in [Figure 1A](#f1-ijn-11-1731){ref-type="fig"}.

Measurement of intracellular ROS
--------------------------------

Reactive oxygen species (ROS) measurements were taken using the 2′,7′-dichlorofluorescein diacetate (DCFDA)-Cellular ROS Detection Assay Kit (Abcam, Cambridge, UK). Briefly, 30,000 NSCs were seeded into each well of a 96-well plate (six replicates) and treated with 0, 20, or 50 μg/mL MIRB for 20 hours. Cells were then washed and incubated with 25 μM DCFDA at 37°C for 45 minutes. Positive controls consisted of NSCs incubated with 50 μg *tert*-butyl hydrogen peroxide solution for 4 hours prior to DCFDA. Negative controls consisted of NSCs incubated without application of DCFDA. Cells were then washed and resuspended in PBS, and analyzed using a Synergy 2 plate reader (BioTek, Winooski, VT, USA) with excitation and emission wavelengths of 485 and 535 nm, respectively. Arbitrary units of fluorescence were calculated by subtracting values from blank wells consisting of PBS only.

In vitro viability assay
------------------------

NSC viability was assessed at five time points (0, 2, 3, 7, and 10 days) after MIRB labeling using 0.4% Trypan blue, which is the standard method for assessing cell viability.[@b19-ijn-11-1731] Briefly, after the 20-hour incubation with either 20 or 50 μg MIRB, NSC cultures were washed and plated at 50,000 cells/well in 24-well plates. Unlabeled NSCs (treated with vehicle/medium instead of MIRB) acted as a control. At each time point, individual wells of cells were trypsinized, and live cells were counted under a light microscope upon staining with Trypan blue. The assay was done in triplicate using n=3 NSC lines gown in parallel.

In vitro proliferation assays
-----------------------------

NSC proliferation was also assessed at 0, 2, 3, 7, and 10 days after MIRB labeling. After the 20-hour incubation with either 20 or 50 μg MIRB, NSCs were washed and plated at 50,000 cells/well in 24-well plates, and maintained at 37°C, 5% CO~2~, and 21% O~2~. Unlabeled NSCs acted as a control. At each time point, individual wells of cells were either trypsinized and counted under a light microscope after staining with 0.4% Trypan blue (to estimate total number of live cells present compared to time 0), or fixed with 4% paraformaldehyde (PFA) for immunocytochemical analysis using antibodies targeting the cell proliferation marker Ki67 (1:500; Abcam).[@b20-ijn-11-1731] Enumeration of Ki67^+^ cells was conducted using a fluorescence microscope. The assays were performed in triplicate using n=3 NSC lines grown in parallel.

NSC differentiation
-------------------

NSCs were enzymatically dissociated and plated onto poly-[d]{.smallcaps}-lysine (0.1 mg/mL)- and laminin (10 μg/mL)-coated glass coverslips placed in 24-well plates at a density of 30,000 cells/well in proliferation medium. Subsequently, NSCs were left unlabeled or treated for 20 hours with 20 or 50 μg MIRB and washed to remove extraneous MIRB. To induce differentiation, growth factors were retrieved, and the NSCs were maintained in a medium consisting of Neurobasal-A with 1% glutamax, 2% B-27, 1% antibiotic--antimycotic, and 2% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA, USA). Differentiation into neuronal and glial cell types was assessed via immunocytochemistry after 10 days in culture. Five random fields per coverslip were assessed, and the percentage of cells (stained with the nuclear marker 4′,6-diamidino-2-phenylindole \[DAPI\]) expressing Tuj1 (for neurons), S100β (for astrocytes), or RIP (for oligodendrocytes) was counted under a ×20 lens. NSC lines (n=3) were grown in parallel and assessed in triplicate.

Immunocytochemistry
-------------------

MIRB-labeled or unlabeled NSCs plated on poly-[d]{.smallcaps}-lysine-and laminin-coated glass coverslips were immunostained following published protocols.[@b4-ijn-11-1731],[@b21-ijn-11-1731] Cells were briefly washed and then blocked with 1% bovine serum albumin (Sigma-Aldrich, St Louis, MO, USA) in 1× PBS (Thermo Fisher Scientific) containing 0.4% triton X-100 (Sigma-Aldrich) and 2% normal goat serum (Thermo Fisher Scientific). After incubation overnight at 4°C with primary antibodies, cells were treated with appropriate secondary antibodies (1:500) coupled to fluorochromes Alexa 488, 594, or 647 (Thermo Fisher Scientific = Molecular Probes, Eugene, OR, USA) and counterstained with DAPI (Thermo Fisher Scientific). Primary or secondary antibodies were deleted under control conditions. The primary antibodies used were as follows: hPAP (1:500; Sigma-Aldrich), Nestin (1:300; EMD Millipore, Billerica, MA, USA), Tuj1 (1:300; Covance, Princeton, NJ, USA), GFAP (1:1,000; EMD Millipore), RIP (1:500; EMD Millipore), and Ki67 (1:500; Abcam).

In vitro MRI
------------

NSCs were trypsinized and treated with 20, 50 μg MIRB, or left unlabeled (control) for 20 hours. Cells were then washed and resuspended at 200,000 cells/mL before fixation with 4% PFA. Half of the cell suspension (100,000 cells/0.5 mL) was mixed with 0.5 mL of 1% agarose solution containing 1 mM gadolinium-based contrast agent (MultiHance; Bracco Diagnostics Inc., Milan, Italy) and allowed to solidify. MRI was carried out on a 7 T Bruker BioSpec (Bruker Corporation, Billerica, MA, USA) with gradients capable of 430 mT/m along the *x*-, *y*-, and *z*-axis. A 72 mm linear volume coil was used for excitation, and a four-channel phased array surface coil was used for reception. Tubes containing MIRB-loaded and -unloaded stem cells were imaged simultaneously at room temperature using a 3D gradient-echo sequence (repetition time =100 ms, time to echo =10 ms, 40° flip angle, 3.60×1.92×1.00 cm field of view, 100 μm isotropic resolution, 32-minute scan time).

Prussian blue staining
----------------------

Prussian blue cell staining reagent (BioPAL, Inc.) is formulated for use with MIRB and other iron-based nanoparticles in order to visualize the presence of iron deposits found inside cells. After fixing cells and tissue with 4% PFA, a working solution of Prussian blue reagent was prepared according to the manufacturer's instructions. A sufficient amount of working solution was applied to cover cells or tissue sections and incubated at room temperature for 15 minutes. Cells and tissue were washed with 0.1 M PBS and visualized via light microscopy.

Animals
-------

Animals were housed and treated according to the rules and regulations of the National Institutes of Health and Institutional Guidelines on the Care and Use of Animals. The University of Arizona's Institutional Animal Care and Use Committee approved all experimental procedures. Experimental animals, namely male Fisher 344 rats (250--300 g; Harlan Laboratories, Indianapolis, IN, USA), and the hPAP transgenic rat colony (from which the NSCs were isolated) were maintained at the University of Arizona animal care facility. All animals were kept on a standard 12-hour light--dark cycle with availability of food and water ad libitum.

Experimental paradigm
---------------------

NSCs were transplanted into the striatum of naïve Fisher 344 rats, and sacrificed at 1 month post-transplantation. All experimental rats were anesthetized with a cocktail of 44 mg/kg ketamine and 10 mg/kg xylazine before being placed on a stereotaxic device. Animals were maintained under 2% isoflurane for the duration of surgical procedure.

NSC transplants
---------------

One lakh undifferentiated NSCs (50,000 cells/μL of Hank's balanced salt solution, 2 μL/site) were stereotaxically infused unilaterally into the left striatum (anteroposterior +0.2, mediolateral +3.0, dorsoventral −5.5 from bregma), at a rate of 0.5 μL/min, as described previously.[@b17-ijn-11-1731]

The number of animals in each experimental group was as follows: sham (only buffer), n=5; unlabeled NSCs, n=7; 50 μg MIRB-labeled NSCs, n=7; and 20 μg MIRB-labeled NSCs, n=7.

At 1 month post-NSC transplantation, animals were sacrificed using pentobarbital (60 mg/kg), perfused with 4% PFA, and their brains were extracted. The brains were subsequently post-fixed in 4% PFA, sunk through a 30% sucrose solution, and sectioned coronally at 40 μm thickness on a freezing sliding microtome for histological studies.

In vivo MRI
-----------

MRI was carried out on the same MRI system as the in vitro imaging (described in the "In vitro MRI" section). Rat brain imaging was performed using parameters similar to the in vitro scanning, namely using a 3D gradient-echo sequence (repetition time =100 ms, time to echo =10 ms, 40° flip angle, 3.84×2.56×1.92 cm field of view, 150 μm isotropic resolution, 82-minute scan time). Rats were anesthetized using oxygen gas with 2.5% isoflurane and were secured on a heated animal cradle equipped with a bite bar and ear bars. Core temperature and respiration were monitored during imaging.

Immunohistochemistry
--------------------

Immunohistochemistry was performed according to standard protocols.[@b4-ijn-11-1731],[@b21-ijn-11-1731] Sections were blocked (10% normal goat serum, 0.5% triton X-100 in tris-buffered saline \[pH 7.4\]) and incubated in primary antibody overnight at room temperature. Primary antibodies were detected in a 2-hour incubation at room temperature with secondary antibodies (1:250) coupled to fluorochromes Alexa 488, 594, 647 (Thermo Fisher Scientific = Molecular Probes) and counterstained with DAPI (Thermo Fisher Scientific). Primary antibodies utilized were as follows: hPAP (1:500; Sigma-Aldrich), Ki67 (1:500; Abcam), Tuj1 (1:100; Covance), GFAP (1:500 Clone-GA5: 1:500; EMD Millipore), and RIP (1:200; EMD Millipore). Control conditions constituted the deletion of the primary antibody or secondary antibody and the inclusion of relevant isotype-specific antibodies in sera instead of the omitted antibodies.

In vivo quantification
----------------------

To estimate graft proliferation, hPAP^+^-grafted NSCs expressing Ki67 were counted using confocal microscopy in three adjacent sections/animal under a ×63 lens. Data were expressed as mean ± standard error of the mean (SEM) of percentage of Ki67^+^ cells per total hPAP^+^ cells per animal. Differentiation of the grafted hPAP^+^ NSCs into Tuj1^+^ (neurons), GFAP^+^ (astrocytes), RIP^+^ (oligodendrocytes) was also assessed via confocal microscopy. Three adjacent sections were examined under a ×40 lens, and the co-localization rate of Tuj1, GFAP, or RIP with hPAP was calculated via the Leica LAS software version 2.7.3.9723 (Leica Microsystems, Wetzlar, Germany). Data were expressed as mean ± SEM of percent co-localization rate, between hPAP and each of the differentiation markers, per animal. To quantify the immune response, the mean area of the striatum which contained CD68^+^ microglia, and the density of CD68^+^ microglia within this area, was estimated on ×40 confocal images using SimplePCI software version 6.5.1 (Hamamatsu Corporation, Hamamatsu, Japan). Briefly, after optimal thresholding of the image, regions of interest (ROIs) were drawn, and the area and density of objects (CD68^+^ cells) were automatically calculated through SimplePCI software. Data were expressed as mean ± SEM of mean ROI area or the fraction of ROI area where CD68^+^ cell bodies were present (as a measure of density). To estimate graft size, graft areas (in μm^2^) were estimated via the SimplePCI software after drawing ROIs around the graft periphery. All the quantification occurred in three to four animals per experimental group.

Microscopy
----------

A Zeiss AxioImager A1 (Zeiss, Jena, Germany) inverted microscope with phase capability, with an AxioCam MRc camera and associated AxioVision software (version: Axio Vision Rel.4.8.2; Zeiss), was used to qualitatively analyze the NSCs in culture. Fluorescence analysis on brain sections was performed using a Leica SP5-II confocal microscope (Leica Microsystems). Z sectioning was performed at 1--2 μm intervals in order to verify the co-localization of markers. Image extraction and analysis was conducted via the Leica LAS software. In vitro fluorescence analysis was conducted using a Zeiss M2 Imager microscope connected to an AxioCam MRm digital camera.

Statistical analyses
--------------------

GraphPad Prism 6 software was used for statistical analyses. For comparing two groups, *t*-tests were used. For comparisons between three or more groups, analysis of variance (ANOVA) followed by Tukey's or Bonferroni's post hoc test for multiple comparisons between treatment groups was conducted. Differences were accepted as significant at *P*\<0.05. Additional statistical details pertaining to each experiment are provided within the relevant results and legend sections.

Results
=======

Labeling efficiency and MR sensitivity of MIRB in NSCs
------------------------------------------------------

Our previous studies have extensively characterized the properties and therapeutic potential of rat NSCs expressing hPAP, a human marker which allows for the identification of the NSCs in vivo after transplantation into recipient animals.[@b4-ijn-11-1731],[@b5-ijn-11-1731],[@b17-ijn-11-1731] Using these well-characterized cells ([Figure 1](#f1-ijn-11-1731){ref-type="fig"}), we tested several doses of MIRB to determine the optimal concentration and time required for the clear and uniform labeling of NSCs in culture ([Figure S1](#SD1-ijn-11-1731){ref-type="supplementary-material"}). MIRB is a commercially available iron oxide nanoparticle, which has been shown to robustly label and support MRI-based tracking of a variety of stem cells.[@b10-ijn-11-1731],[@b14-ijn-11-1731],[@b21-ijn-11-1731] In addition to enabling the detection of labeled cells via MRI and post hoc Prussian blue staining, MIRB also offers the additional advantage of easy and direct visualization of the cells via emission of red fluorescence due to its conjugation with rhodamine. As shown, a 20-hour treatment with 20 or 50 μg/mL MIRB resulted in robust NSC labeling as detected by Prussian blue ([Figure 1B--E](#f1-ijn-11-1731){ref-type="fig"}) and rhodamine expression ([Figure 1F--I](#f1-ijn-11-1731){ref-type="fig"}). In addition, excellent MIRB labeling (noted even under phase contrast as brown coloration of cells) was maintained in the NSCs even after several passages in culture ([Figure 1L and M](#f1-ijn-11-1731){ref-type="fig"}) and also after the cells were induced to undergo differentiation for 10 days ([Figure 1N and O](#f1-ijn-11-1731){ref-type="fig"}). We also imaged single-cell suspensions of 20 and 50 μg MIRB-treated NSCs with MRI. Here, individual cells were detectable in vials containing 20 μg as well as 50 μg MIRB-treated NSCs. However, the contrast signal in tubes containing 50 μg MIRB-treated NSCs was more evident than those containing 20 μg, as depicted in the axial and sagittal images in [Figure 1P--R](#f1-ijn-11-1731){ref-type="fig"}.

Effects of MIRB on the in vitro viability and proliferation of NSCs
-------------------------------------------------------------------

The viability and proliferative capacity of the 20 and 50 μg MIRB-labeled NSCs were assessed at several time points, after the cessation of MIRB labeling, across a period of 10 days ([Figure 2](#f2-ijn-11-1731){ref-type="fig"}). As shown in [Figure 2A--F](#f2-ijn-11-1731){ref-type="fig"}, there was a clear loss of cells observed in 50 μg MIRB cultures at 10 days (F) compared to 20 μg (E) and control (unlabeled, D) NSCs. Measurements of intracellular ROS soon after the 20-hour MIRB treatment showed that increased ROS were present in NSCs treated with both doses, although at a significantly higher level in the 50 μg/mL-labeled NSCs ([Figure 2J](#f2-ijn-11-1731){ref-type="fig"}). Trypan blue staining at 0, 2, 3, 7, and 10 days in culture determined that the percentage of live cells was not altered in 20 μg MIRB cultures in comparison to control cells ([Figure 2K](#f2-ijn-11-1731){ref-type="fig"}). However, the 50 μg MIRB cultures showed a significant loss of live cells at 0 and 2 days, after which the viability improved to reach control levels ([Figure 2L](#f2-ijn-11-1731){ref-type="fig"}). In addition, the total number of cells/well in 20 μg MIRB cultures was comparable to control cultures at every time point ([Figure 2M](#f2-ijn-11-1731){ref-type="fig"}), whereas this measure was significantly lower at all time points in the 50 μg NSC cultures ([Figure 2N](#f2-ijn-11-1731){ref-type="fig"}). These data indicated that the viability and proliferative rate of NSC cultures treated with 50 μg MIRB had been significantly compromised. To further assess the proliferative capacity of the MIRB-labeled cells, the expression of Ki67, an antigen expressed by proliferating cells during all active phases of the cell cycle, was examined in the NSCs via immunocytochemistry ([Figure 2G--I](#f2-ijn-11-1731){ref-type="fig"}). It was observed that NSCs labeled with 50 μg MIRB contained substantially lower numbers of Ki67-expressing cells, at every time point examined, compared to control and 20 μg MIRB-labeled NSCs ([Figure 2O](#f2-ijn-11-1731){ref-type="fig"}). Interestingly, the 20 μg MIRB cultures showed higher percentages of Ki67-labeled cells (although not significant) at most of the examined time points ([Figure 2O](#f2-ijn-11-1731){ref-type="fig"}).

MIRB alters the morphology and lineage differentiation of the NSCs
------------------------------------------------------------------

Next, we differentiated the control and MIRB-labeled NSCs to assess their multipotentiality (capacity to generate all three major neural lineages, namely neurons, astrocytes, and oligodendrocytes) and resultant morphology ([Figure 3](#f3-ijn-11-1731){ref-type="fig"}). It was noted that both 20 and 50 μg MIRB NSCs differed in shape and size from control cells, under light microscopy, after the 10-day differentiation period ([Figure 3A--C](#f3-ijn-11-1731){ref-type="fig"}). On immunohistochemical examination, we found that all groups of NSCs robustly expressed the NSC antigen Nestin at baseline ([Figure 3D--F](#f3-ijn-11-1731){ref-type="fig"}) but showed alterations in their ability to generate neurons and glia after differentiation. More specifically, the 20 μg MIRB-labeled NSCs had produced similar percentages of Tuj1^+^ neurons, GFAP^+^ astrocytes, and RIP^+^ oligodendrocytes as their control unlabeled counterparts when examined after 10 days of differentiation ([Figure 3P](#f3-ijn-11-1731){ref-type="fig"}). However, the 50 μg MIRB-labeled NSCs showed substantial reductions in neuronal and glial cell numbers ([Figure 3Q](#f3-ijn-11-1731){ref-type="fig"}). Furthermore, the morphological characteristics of the neurons, astrocytes, and oligodendrocytes appeared particularly altered in the 50 μg NSC cultures. Specifically, although the expression of the neuronal and glial antigens was seen in some 50 μg MIRB-labeled NSCs, the cells were stunted in growth, and the typical mature morphology of neurons and glial cells (with multiple processes; [Figure 3G, J, and M](#f3-ijn-11-1731){ref-type="fig"}) was not seen ([Figure 3I, L, and O](#f3-ijn-11-1731){ref-type="fig"}). In addition, even at baseline (before differentiation), the Nestin-expressing NSCs already showed changes in cytoskeletal architecture in the 50 μg MIRB group ([Figure 3D--F](#f3-ijn-11-1731){ref-type="fig"}). Interestingly, even though the 20 μg MIRB NSCs did not show changes in terms of the numbers of neurons and glia generated, the morphology of differentiated cells was different from those in control NSC cultures ([Figure 3H, K, and N](#f3-ijn-11-1731){ref-type="fig"}). Neurons in the 20 μg MIRB cultures predominantly exhibited a more differentiated phenotype with larger cell bodies and longer axonal processes, and astrocytes displayed a fibrous morphology (vs protoplasmic features predominantly seen in the control culture astrocytes) ([Figure 3J and K](#f3-ijn-11-1731){ref-type="fig"}). Oligodendrocytes also displayed exaggerated differentiation in the 20 μg MIRB cultures ([Figure 3N](#f3-ijn-11-1731){ref-type="fig"}), and showed greater ramification of processes compared to control oligodendrocytes which appeared comparatively immature ([Figure 3M](#f3-ijn-11-1731){ref-type="fig"}).

Detection and assessment of viability and migration of transplanted MIRB-labeled NSCs via extended MRI-based in vivo tracking and post hoc histology
----------------------------------------------------------------------------------------------------------------------------------------------------

We tested whether the MIRB-labeled NSCs could be followed effectively in vivo through MRI after their transplantation into rat brains ([Figure 4](#f4-ijn-11-1731){ref-type="fig"}). More specifically, unlabeled NSCs or NSCs labeled with either 20 or 50 μg/mL MIRB were transplanted unilaterally into the striata of naïve adult rats. The animals were then imaged using a 3D gradient-echo MRI at 3, 7, and 28 days after NSC transplantation. As shown in [Figure 4A--C](#f4-ijn-11-1731){ref-type="fig"}, in animals injected with NSCs labeled with 50 μg MIRB, a large, circular signal dropout (arrows) at the injection site was clearly visible at all time points studied, signifying the presence of iron-loaded cells. Animals injected with NSCs labeled with 20 μg MIRB showed a persistent, but much smaller, circular signal dropout ([Figure 4D--F](#f4-ijn-11-1731){ref-type="fig"}, arrows). Control animals injected with unlabeled NSCs showed signal dropouts in the injection site that had a more branched architecture, and that slightly decreased over time ([Figure 4G--I](#f4-ijn-11-1731){ref-type="fig"}). MRI images were also obtained from sham animals, injected only with buffer, and showed persistent signal dropout in the needle track region similar to previous reports ([Figure S2](#SD2-ijn-11-1731){ref-type="supplementary-material"}) by Williams.[@b22-ijn-11-1731]

Subsequent histological analysis at 1 month revealed the presence of hPAP^+^-grafted cells in corresponding areas of the striatum where the MRI signal dropout had been noted in animals receiving 20 and 50 μg MIRB-labeled NSCs ([Figure 4N and O](#f4-ijn-11-1731){ref-type="fig"}). The MIRB-labeled grafted NSCs were also identifiable by Prussian blue staining ([Figure 4J and K](#f4-ijn-11-1731){ref-type="fig"}) and rhodamine fluorescence ([Figure 4L and M](#f4-ijn-11-1731){ref-type="fig"}). These data indicated that the MIRB-labeled cells could be effectively tracked over an extended period via real-time in vivo MRI, and post hoc histological analysis. The MRI and histological data also indicated that the grafted NSCs had not migrated extensively, and had stayed confined to the area of transplantation upon grafting. Moreover, contrary to the MRI data, quantitative analysis of graft sizes in the NSC-transplanted animals showed that on average, the area of 50 μg MIRB grafts was significantly smaller (71,310.5±12,355 μm^2^) than control (134,693.3±10,217.4 μm^2^) or 20 μg (152,826.7±14,235 μm^2^) MIRB-labeled grafts (*P*\<0.01, one-way ANOVA). These data suggested that the higher dose of MIRB substantially reduced the viability of the transplanted NSCs.

MIRB compromises the proliferation and differentiation ability of transplanted NSCs in vivo
-------------------------------------------------------------------------------------------

Proliferation in the striatal NSC grafts was examined through immunohistochemical staining using antibodies targeting the cell cycle antigen Ki67, at 1 month post-transplantation ([Figure 5](#f5-ijn-11-1731){ref-type="fig"}, higher magnification image in Figure Dd). Quantitative analysis determined that on average, the percentage of Ki67-expressing cells within unlabeled control grafts was negligible (1.0±0.5; [Figure 5Q](#f5-ijn-11-1731){ref-type="fig"}). On the other hand, although the percentage of Ki67 cells was similar in the 50 μg MIRB-labeled grafts (1.2±0.8), it was significantly increased in 20 μg MIRB-labeled grafts (*P*\<0.05; 7.1±1.3). When the differentiation potential of the grafted NSCs was analyzed by immunostaining with neuronal (Tuj1, [Figure 5E--H](#f5-ijn-11-1731){ref-type="fig"}; higher magnification image in h) and glial (GFAP and RIP, [Figure 5I--L](#f5-ijn-11-1731){ref-type="fig"} and M--P; higher magnification images in Ll and Pp) antigens, it was determined that differentiation into neurons, astrocytes, and oligodendrocytes was significantly reduced within 50 μg MIRB-labeled NSC grafts ([Figure 5R, S, and T](#f5-ijn-11-1731){ref-type="fig"}). In comparison to NSC grafts labeled with 20 μg MIRB, astrocytic differentiation increased, oligodendrocyte differentiation decreased, and no changes were seen in neuronal differentiation. Overall, these data indicate that both concentrations of MIRB markedly altered the lineage differentiation pattern of the transplanted NSCs in vivo.

MIRB promotes an exaggerated microglial response to NSC grafting
----------------------------------------------------------------

CD68 (activated microglial marker) immunoreactivity surrounding the NSC grafts was examined at 1 month post-NSC transplantation to assess the immune response to grafting. In comparison to animals receiving unlabeled NSCs ([Figure 6A--D](#f6-ijn-11-1731){ref-type="fig"}), we observed that increased CD68+ microglia were present in animals transplanted with 20 and 50 μg MIRB-labeled NSCs ([Figure 6E--L](#f6-ijn-11-1731){ref-type="fig"}). Quantitative analysis supported the qualitative impressions, and indicated that the total area of the striatum-inhabited CD68^+^ cells, and the density of CD68^+^ cells within these areas, was significantly higher in animals injected with 50 μg MIRB-labeled NSCs compared to animals receiving control NSCs ([Figure 6R and S](#f6-ijn-11-1731){ref-type="fig"}). With respect to the animals receiving 20 μg MIRB-labeled NSCs, the total area of the striatum occupied by the CD68^+^ cells was significantly higher, but the density of CD68^+^ microglia did not vary significantly compared to animals receiving control NSCs. In addition, interestingly, many CD68^+^ microglia located adjacent to 50 μg MIRB-labeled NSCs displayed intracellular accumulation of MIRB as indicated by rhodamine fluorescence ([Figure 6M--Q](#f6-ijn-11-1731){ref-type="fig"}, arrows). This suggested that these activated microglial cells had possibly engulfed MIRB extruded by dying donor NSCs. Furthermore, a higher CD68^+^ cell presence was also observed in the 20 μg MIRB group compared to control animals ([Figure 6R, S, and E--H](#f6-ijn-11-1731){ref-type="fig"}, arrow).

Discussion
==========

The present study is novel in its comprehensive investigation of the influence of USPIO labeling on NSC biology, in parallel with dynamic MRI-based tracking of the NSCs, both in vitro and in vivo. Our results indicate that the USPIO MIRB can efficiently label NSCs and support their MR-based tracking in brain tissues; however, it affects the viability and regenerative capacity of the NSCs. In particular, although there were differences between the effects of the two doses of MIRB examined in the study, they both influenced the survival and proliferation, as well as differentiation rate and phenotype of NSCs in culture and after neural transplantation. Furthermore, the grafting of MIRB-labeled NSCs altered the host immune response, leading to an increased presence of activated CD68^+^ microglia in transplanted regions. Moreover, these activated host microglia appeared to have engulfed MIRB and/or MIRB-labeled NSCs, especially at the higher MIRB dose used, confounding the interpretation of the in vivo MRI signal dropout. These data advocate caution, and a systematic assessment of SPIO-based NSC labeling agents before they are considered for clinical translation.

In vitro, it was determined that MIRB (both 20 and 50 μg doses) was well internalized into the NSCs, although labeling was found to be more uniform and stronger with the 50 μg dose. Also, the 50 μg labeling promoted a better MR contrast signal in a single-cell suspension, indicating that this dose was probably better suited for the tracking of individual cells. Nevertheless, this particular dose of MIRB also significantly reduced the viability, proliferation, and differentiation (into neurons, astrocytes, and oligodendrocytes) of the NSCs. Interestingly, on the other hand, the 20 μg dose did not affect the viability or regenerative ability of the NSCs, but it changed the phenotype of the differentiated cells. In particular, it promoted a more mature morphology of neurons and oligodendrocytes, and induced the production of predominantly fibrous astrocytes compared to the protoplasmic variety found in control cultures. Although the overall number of neuronal and glial cells generated in the 20 μg cultures was similar to control cultures, the aforementioned change in their morphology could result in very different functional consequences in vitro and after in vivo grafting of these cells under both physiological and pathological scenarios.[@b3-ijn-11-1731],[@b4-ijn-11-1731],[@b17-ijn-11-1731],[@b23-ijn-11-1731] The exact nature of molecular and functional changes of NSCs induced by MIRB labeling will be investigated in future studies.

In vivo, grafted areas of the striatum containing both 20 and 50 μg MIRB-labeled NSCs could be identified via an MRI signal dropout in the short term (3 and 7 days post-transplantation) as well as the long term (1 month post-transplantation). This signal dropout did not appreciably change in size, shape, or location over the 28 days studied. However, similar to what was observed in vitro, the 50 μg-labeled NSC grafts exhibited reduced survival, and a significantly decreased ability to generate all the three major neural lineages upon differentiation also in vivo. In contrast, proliferation was significantly amplified within the 20 μg grafts (there were a higher number of Ki67^+^ cells), and the glial differentiation was altered (greater expression of astrocyte antigen GFAP but reduced expression of the oligodendrocyte antigen RIP). Interestingly, although such significant changes in proliferation and glial differentiation had not been observed from 20 μg MIRB labeling in vitro, in support of the in vivo data, there was a trend toward increased Ki67 and GFAP cells, and reduced RIP cells, in culture ([Figures 2N](#f2-ijn-11-1731){ref-type="fig"} and [3P](#f3-ijn-11-1731){ref-type="fig"}).

In vivo, a signal dropout was also observed in rats transplanted with unlabeled cells and in sham rats that received injection of buffer only ([Figure S2](#SD2-ijn-11-1731){ref-type="supplementary-material"}). While the signal dropout persisted over the course of the experiment, it was not circular in shape like that of the labeled cells and changed appearance over time. The signal dropout without labeling is likely due to blood products, such as hemosiderin, which are caused by the injection and are known to persist for months after injection.[@b22-ijn-11-1731],[@b24-ijn-11-1731],[@b25-ijn-11-1731] Persistent signal dropout after needle transplantation of labeled and unlabeled cells is consistent with previous reports and remains a confounding factor for negative-contrast MRI cell tracking. Positive-contrast MRI experiments with iron oxide-labeled cells have been developed and are being investigated to address this problem but are not yet in common use.[@b8-ijn-11-1731],[@b26-ijn-11-1731],[@b27-ijn-11-1731]

There were also increased numbers of activated microglia existing in regions transplanted with the MIRB-labeled NSCs. This phenomenon was substantially more pronounced in the 50 μg case, compared to animals receiving 20 μg MIRB-labeled NSCs, and can be attributed to the observed reduced survival of the 50 μg grafts which led to the release of MIRB from dying cells. In addition, given that active microglia can substantially reduce the viability of grafted cells and alter their function through the expression of specific pro-inflammatory cytokines and other toxic species,[@b28-ijn-11-1731] the reduced size of the 50 μg grafts in our study could in part be attributed to such a secondary effect. This concept is supported by the increased presence of microglia surrounding even the 20 μg MIRB-labeled grafts (where no significant cell death/loss was noted), suggesting that MIRB may also be directly affecting the intrinsic biology of NSCs, in particularly how these cells interacted with host immune cells.

In addition, it is plausible that MIRB could also have directly affected NSC viability by increasing intracellular oxidative stress.[@b29-ijn-11-1731],[@b30-ijn-11-1731] In this regard, it is well established that iron can react with oxidant molecules, via classic Fenton reactions, further amplifying the production of damaging ROS that cause oxidative stress.[@b31-ijn-11-1731] It is also known that SPIOs are capable of promoting the generation of intracellular ROS, resulting in oxidative stress and cellular toxicity.[@b32-ijn-11-1731],[@b33-ijn-11-1731] Also, our in vitro analysis showed high ROS production in the NSCs after MIRB labeling using the 50 μg dose, suggesting that the ROS production probably contributed to the reduced survival and regeneration of the NSCs. Interestingly, some ROS generation was also noted in the 20 μg-treated NSCs. Here, no obvious associated cytotoxic effects were observed, although increases in proliferative capacity and glial differentiation were seen. Given that the intracellular redox state (whether oxidized or reduced) plays a crucial role in determining NSC regenerative function, we suggest that the production of ROS (and resulting alteration in intracellular redox) may have altered the proliferation and morphological differentiation of the 20 μg/mL MIRB-labeled NSCs.[@b34-ijn-11-1731] Lastly, given that microglia are capable of producing factors that can modulate NSC regeneration, such a mechanism could have further supported the altered proliferation and differentiation observed within the MIRB-labeled grafts.[@b31-ijn-11-1731],[@b35-ijn-11-1731]

Most strikingly, CD68 microglia expressing rhodamine and containing multiple nuclei were noticed adjacent to MIRB grafts, especially in the 50 μg case, suggesting that these activated immune cells had probably engulfed MIRB/MIRB-labeled NSCs. This presents a serious problem, since such MIRB-labeled microglial cells could contribute to the MRI signal dropout and produce a false-positive result.[@b13-ijn-11-1731] In fact, this probably occurred in animals transplanted with the 50 μg MIRB-labeled NSCs, where although the MRI signal dropout was strongest, the graft size was determined to be smaller on average compared to animals receiving 20 μg (or unlabeled) NSC grafts (explained in the "Detection and assessment of viability and migration of transplanted MIRB-labeled NSCs via extended MRI-based in vivo tracking and post hoc histology" section).

In contrast to our work, Shen et al have conducted an analysis of human NSCs and observed no significant changes in viability, proliferation, and differentiation, after MIRB labeling.[@b10-ijn-11-1731],[@b16-ijn-11-1731],[@b36-ijn-11-1731] However, these studies used a different dose of MIRB (20 μg/mL dose for 48--72 hours), focused on short-term effects of MIRB, and did not include an investigation of the multipotentiality or morphology of the NSCs upon differentiation, which could have accounted for the differences. Other studies from Guzman et al and Kallur et al have also examined NSC biology after SPIO labeling.[@b37-ijn-11-1731],[@b38-ijn-11-1731] Here, human NSCs were labeled with the iron oxide agents Ferridex or Endorem, and their in vitro viability, proliferation, and differentiation into Tuj1^+^ neurons and GFAP^+^ glia were examined. Additionally, the long-term survival and migration of SPIO-labeled donor NSCs after transplantation and the differentiation of the grafted cells were also assessed. Broadly, data from these studies revealed no significant differences between the viability, fate, and migratory capacity of unlabeled NSCs and those labeled with SPIO particles. However, Kallur et al did observe a reduction in proliferation (through Ki67 staining), and an altered neuronal differentiation rate (Tuj1^+^ and Doublecortin^+^ cells), in a sect of the SPIO-labeled NSC population. Nevertheless, these studies lacked a detailed in vitro and in vivo analysis of NSC morphology, behavior, and fate, as well as the immune response related to grafting. On the other hand, in support of our current findings, it has been reported that SPIOs can reduce NSC motility, be exocytosed by live NSCs, and also be internalized by surrounding microglia when there is grafted cell death to complicate the interpretation of the in vivo MR contrast signal.[@b39-ijn-11-1731],[@b40-ijn-11-1731]

Conclusion
==========

This study indicates that USPIO agents can affect the viability and regenerative capacity of NSCs, even at seemingly low nontoxic concentrations, and alter graft--host immune dynamics after NSC transplantation into the adult nervous system. The specific nature and the optimal functioning of grafted cells are of essence in determining the success of any cell therapeutic approach. Data from our investigation strongly suggest that a further examination of USPIO agents might be needed before they can safely and effectively be used for clinical translation.

Supplementary materials
=======================

###### 

Optimization of MIRB dose.

**Notes:** Based on studies regarding MIRB labeling of NSCs reported in literature, NSCs were treated first with 5, 10, 20, 50, 60, 80, or 100 μg Fe/mL of MIRB for a time period of 30 or 48 hours (**A**--**D**). Here, an obvious reduction in cell viability was noted even at the 5 μg dose (**A** and **C**). Therefore, we reduced the labeling time to 18 hours, again after reviewing the literature. Under these conditions, cells labeled with 5, 10, 20, 50 μg doses did not qualitatively show a significant reduction in cell viability (**E**--**H** and **J**--**M**). As shown, a loss of cells was already seen at the 60 μg level (**I** and **N**). The 20, 50, and 60 μg doses showed good labeling, as confirmed via the Prussian blue staining (**G**--**I**) and the detection of rhodamine autofluorescence (**L**--**N**). We further increased the incubation period to 20 hours to refine the labeling in cells treated with 20 and 50 μg/mL MIRB (**O** and **P**). The labeling efficiency (percentage of labeled cells) as well as intensity (quantitation of rhodamine fluorescence), after 20 hours of MIRB labeling, in doses up to 50 μg, is shown in (**Q** and **R**). \**P*\<0.05 compared to 10 μg, ^\#^*P*\<0.05 compared to 20 μg, \*\**P*\<0.001 compared to 10 μg, one-way ANOVA. Scale bars: 20 μm.

**Abbreviations:** MIRB, Molday ION Rhodamine B; NSCs, neural stem cells; ANOVA, analysis of variance.

###### 

MRI of sham animals.

**Notes:** Animals injected with buffer, as opposed to cells, were also scanned using 3D gradient-echo MRI. The imaging protocol and parameters were identical to those mentioned in the main paper. As reported in the literature, at all the three time points (3, 7, and 28 days post-transplantation) assessed, signal dropout was seen corresponding to the needle track area (arrows in \[**A**--**C**\]).

**Abbreviation:** MRI, magnetic resonance imaging.

We thank Kayla Yu and Quentin Remley for their technical assistance on the histological aspects of the project. We are also grateful to Doug Cromey (Arizona Cancer Center Imaging Core Cancer Center Support Grant \[P30 CA023074\]) for his technical support with confocal microscopy and image analysis. This work was supported by intramural funds from The University of Arizona to LM.

**Author contributions**

AU, SR, and MJC contributed to experimental design, collection and assembly of data, data analysis and interpretation, and manuscript writing. MV contributed to experimental design, collection and assembly of data, data analysis and interpretation, and manuscript revision. EY contributed to collection and assembly of data, data analysis and interpretation, and manuscript revision. TT contributed to conception and design, collection and assembly of data, data analysis and interpretation, and manuscript revision. LM contributed to conception and design, collection and assembly of data, data analysis and interpretation, manuscript writing and revision, financial support, and final approval of manuscript.

**Disclosure**

The authors report no conflicts of interest in this work.

![In vitro MIRB labeling and MRI imaging.\
**Notes:** (**A**) The overall experimental design of the study. Primary rat NSCs were treated with 20 and 50 μg/mL doses of MIRB, after which they were assessed directly after staining with Prussian blue (**B**--**E**) or under rhodamine fluorescence (**F**--**I**). As shown, both doses resulted in excellent incorporation of MIRB within the NSCs (arrows point to examples of labeled cells). Lower magnification images appear in (**B**), (**C**), (**F**), and (**G**), and higher magnification images appear in (**D**), (**E**), (**H**), and (**I**). These NSCs (**J**) had been obtained from newborn rats transgenically expressing hPAP, and therefore also robustly expressed hPAP in culture (**K**). The MIRB labeling (directly noted as brown staining under phase contrast), at both doses, was strongly maintained in the NSCs after several passages in culture (**L** and **M**, at passage 14) and after NSC differentiation for 10 days (**N** and **O**). When tubes containing single-cell suspensions of MIRB-labeled NSCs were scanned via 3D gradient-echo MRI, signal dropout from individual cells was evident in both 20 and 50 μg tubes, although not surprisingly, the signal intensity was greater with the 50 μg MIRB-labeled cells (**P**--**R**). Scale bars: 20 μm (**B**, **C**, **F**, and **G**), 10 μm (**D**, **E**, **H**, **I**, **N**, and **O**), 100 μm (**J** and **K**), and 50 μm (**L** and **M**).\
**Abbreviations:** MIRB, Molday ION Rhodamine B; MRI, magnetic resonance imaging; NSCs, neural stem cells; DAPI, 4′,6-diamidino-2-phenylindole.](ijn-11-1731Fig1){#f1-ijn-11-1731}

![MIRB labeling affects NSC viability and proliferation.\
**Notes:** The viability of 50 μg MIRB-labeled NSCs was assessed across a 10-day culture period. As shown, a significant cell loss was noted in the 50 μg cultures at 10 days (**C** and **F**), as compared with control (unlabeled; **A** and **D**) and 20 μg-labeled cells (**B** and **E**). Measurement of intracellular ROS at the end of the 20-hour MIRB-labeling period (via a DCFDA assay) indicated increased levels within NSCs treated with both MIRB doses, although the level was found to be significantly higher in the 50 μg MIRB-labeled cells (**J**). When the percentage of live cells was calculated via Trypan blue staining, no changes were seen in the 20 μg cultures (**K**). However, the 50 μg cultures showed a significant reduction in the live cell numbers at baseline and 2 days in culture, after which they maintained \~100% viability at 3, 7, and 10 days (**L**). Similarly, the total number of cells/well of 20 μg MIRB-labeled NSCs was comparable to control cultures (**M**), but wells with 50 μg MIRB NSCs showed fewer cells at all time points (**N**). In addition, immunocytochemical analysis using a Ki67 antibody indicated a lower number of proliferating cells in the 50 μg cultures compared to control and 20 μg cultures (**G**--**I**). Quantification of Ki67^+^ cells confirmed that there were indeed significantly fewer Ki67 cells in the 50 μg cultures and some increase (although not significant) noted in the 20 μg cultures (**O**). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001, ^\#\#\#^*P*\<0.001, unpaired *t*-tests in (**K**--**N**), one-way ANOVA with post hoc Tukey's test in (**J** and **O**). Scale bars: 30 μm (**A**--**F**) and 10 μm (**G**--**I**).\
**Abbreviations:** MIRB, Molday ION Rhodamine B; NSC, neural stem cell; ROS, reactive oxygen species; DAPI, 4′,6-diamidino-2-phenylindole; DCFDA, 2′,7′-dichlorofluorescein diacetate; ANOVA, analysis of variance.](ijn-11-1731Fig2){#f2-ijn-11-1731}

![NSC differentiation rate and morphology are altered by MIRB labeling.\
**Notes:** The morphology of control, 20, and 50 μg MIRB NSCs differed after a 10-day differentiation period (**A**--**C**). Immunocytochemical analysis revealed that at baseline, all NSC groups robustly expressed the immature NSC marker Nestin, yet they showed differences in cytoskeletal structure (**D**--**F**). Upon differentiation, the number of Tuj1^+^ neurons, GFAP^+^ astrocytes, and RIP^+^ oligodendrocytes was significantly reduced in the 50 μg cultures (**Q**), with an absence of classic neuronal and glial morphology noted (**I**, **L**, and **O**), when compared to controls (**G**, **J**, and **M**). In the 20 μg cultures, there were no changes in numbers of neurons and glia generated (**P**), but the morphology of cells was altered (**H**, **K**, and **N**). More specifically, more mature and well-ramified neuronal and oligodendrocyte cells were observed, and astrocytes showed a fibrous (vs protoplasmic) feature (**N**). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, one-way ANOVA with post hoc Tukey's test. Scale bars: 30 μm (**A**--**C**) and 10 μm (**D**--**O**).\
**Abbreviations:** NSC, neural stem cell; MIRB, Molday ION Rhodamine B; ANOVA, analysis of variance; DAPI, 4′,6-diamidino-2-phenylindole.](ijn-11-1731Fig3){#f3-ijn-11-1731}

![Extended in vivo tracking of MIRB-labeled NSCs.\
**Notes:** We transplanted control (unlabeled), 20 μg or 50 μg MIRB-labeled NSCs into the striata of adult rats, and imaged the animals longitudinally over a period of 1 month. Distinct and typical signal dropout (arrows, indicating iron oxide-labeled cells) in the striatum was noted at 3, 7, and 28 days post-transplantation in animals receiving the 20 μg or 50 μg MIRB-labeled NSCs but not unlabeled cells (**A**--**I**). Also, the observed signal dropouts in the 50 μg animals were significantly stronger than in 20 μg animals. Upon later histological examination, areas corresponding to the regions where the signal dropout were noted in 20 μg and 50 μg MIRB animal groups showed the clear presence of hPAP^+^-grafted NSCs (**N** and **O**) which could be visualized via rhodamine fluorescence (**L** and **M**) as well as Prussian blue staining (**J** and **K**). Scale bars: 200 μm.\
**Abbreviations:** MIRB, Molday ION Rhodamine B; NSC, neural stem cell.](ijn-11-1731Fig4){#f4-ijn-11-1731}

![The proliferation and differentiation of transplanted NSCs are altered by MIRB labeling.\
**Notes:** We examined proliferation in the hPAP NSC grafts in vivo via Ki67 expression (\[**A**--**D**\] and higher magnification image in \[Dd\]), show representative images from an animal grafted with unlabeled NSCs). The number of Ki67 cells within control grafts was negligible, with no changes seen in 50 μg grafts and increased numbers noted in the 20 μg grafts (**Q**). When differentiation was assessed through immunohistochemical staining with antibodies targeting Tuj1, GFAP, and RIP (\[**E**--**P**\] with corresponding higher magnification images in \[Dd, Hh, Ll, and Pp\]), a severe reduction in the expression of all three antigens was noted within 50 μg grafts compared to control (**R**--**T**). Interestingly, 20 μg grafts showed increased GFAP but reduced RIP immunoreactivity, indicating that the glial differentiation of these cells had been affected. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared to control, ^\#\#^*P*\<0.01, ^\#\#\#^*P*\<0.001 compared to 20 μg, one-way ANOVA with post hoc Tukey's test. Scale bars: 30 μm (**A**--**P**) and 10 μm (Dd, Hh, Ll, and Pp).\
**Abbreviations:** NSC, neural stem cell; MIRB, Molday ION Rhodamine B; ANOVA, analysis of variance.](ijn-11-1731Fig5){#f5-ijn-11-1731}

![Transplantation of MIRB-labeled NSCs induces increased microglial activation and ectopic labeling of CD68 microglia.\
**Notes:** We immunostained brain sections obtained from all animal groups with antibodies targeting the activated microglial marker, CD68. It was observed that there were greater numbers of CD68^+^ microglia (red) in the striata of animals receiving both 20 (**E**--**H**, arrow) and 50 μg (**I**--**L**, arrow) MIRB-labeled NSCs, compared to those receiving control unlabeled NSCs (**A**--**D**). This qualitative impression was confirmed via quantitative methods which determined that the total striatal area covered with CD68^+^ cells, as well as the density of CD68^+^ cells, was increased in animals with MIRB-labeled NSC grafts, although this was significantly higher in the 50 μg case (**R** and **S**). Furthermore, a number of CD68^+^ microglia (**P**) present adjacent to the hPAP NSC grafts were noted to contain MIRB (**O**) suggesting the engulfment of extravasated MIRB by these phagocytic cells. Arrows in the overlay image in (**Q**) point to CD68 cells which contain engulfed MIRB. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, one-way ANOVA with post hoc Tukey's test. Scale bars: 30 μm (**A**--**L**) and 20 μm (**M**--**Q**).\
**Abbreviations:** MIRB, Molday ION Rhodamine B; NSC, neural stem cell; ANOVA, analysis of variance; DAPI, 4′,6-diamidino-2-phenylindole.](ijn-11-1731Fig6){#f6-ijn-11-1731}
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